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Abstract
We report the first comprehensive micro-Raman study of crichtonite group
minerals (CGM) as inclusions in pyropic garnet grains from peridotite and
pyroxenite mantle xenoliths of the Yakutian kimberlites as well as in garnet
xenocrysts from the Aldan shield lamprophyres (Russia). The CGM form
(i) morphologically oriented needles, lamellae, and short prisms and
(ii) optically unoriented subhedral to euhedral grains, either single or inter-
grown with other minerals. We considered common mantle-derived CGM
species (like loveringite, lindsleyite, and their analogues), with Ca, Ba, or Sr
dominating in the dodecahedral A site and Zr or Fe in the octahedral B
site. The Raman bands at the region of 600–830 cm−1 are indicative of CGM
and their crystal-chemical distinction, although the intensity and shape of
the bands appear to be dependent on laser beam power and wavelength. The
factor-group analysis based on the loveringite crystal structure showed the
octahedral and tetrahedral cation groups with 18f and 6c Wyckoff positions,
namely, dominantly TiO6 and to a lower extent CrO6, MgO4, and FeO4 groups,
to be the major contributors to the Raman spectral features. The ionic groups
with dodecahedral (M0) and octahedral (M1) coordination are inactive for
Raman scattering while active in infrared absorption. A number of observed
Raman modes in the CGM spectra are several times lower than that predicted
by the factor group analysis. The noticed broadening of modes in the CGM
Raman spectra may result from a combining of bands at the narrow frequency
shift regions. Solid solution behavior, luminescence, and partial
metamictization of the CGM may exert additional influence on the Raman
band shape. The Raman spectral features showed CGM to be accurately identi-
fied and distinguished from other Ti-, Fe-, Cr-, and Zr-containing oxides
(e.g., ilmenite or those of spinel and magnetoplumbite groups) occurring as
accessory mantle minerals.
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1 | INTRODUCTION
Crichtonite group minerals (CGM) are oxides with large-
and medium-sized cations (Nickel–Strunz Classifica-
tion, 04.CC.40). Their common structural formula
XIIAVIBVIC18 IVT2ðΦÞ38 reflects a great variability of
chemical compositions.[1,2] The most abundant cations
are XIIA = Ba, K, Pb, Sr, La, Ce, Na, Ca; VIB = Mn, Y, U,
Fe, Zr, Sc; VIC18 ¼Ti, Fe, Cr, V, Nb, Mn, Al; IVT2 = Fe,
Mg, Zn; and anions are Φ = O, (OH); ions and radicals
not known to prevail in natural samples are italicized. The
minerals are characterized by a layer structure and a highly
complex composition.[3] However, only Ti, Fe, and O are sys-
tematically present.[4] The currently used nomenclature of
the CGM is based upon the combination of dominant cat-
ions in the sites XIIA, VIB, VIC, and IVT.[5] It describes several
solid solutions and suggests naming minerals with respect to
a certain combination of prevailing cations (Table 1).
The CGM are known as accessory minerals in crustal
(e.g., Mills et al[11] and Filho et al[13]), upper mantle
(e.g., Rezvukhin et al[24] and Grégoire et al[26]), and mete-
oritic rocks.[27] They also occur in the heavy mineral con-
centrates of deep-sourced mantle-derived rocks[16] and a
heavy fraction of clastic sediments[28,29] due to their resis-
tance to weathering and a high density. The origin of
CGM is related to variable magmatic, metasomatic, meta-
morphic, and hydrothermal processes (e.g., other
studies[4,23,24,30-34]). It is noteworthy that crystalline
phases with the crichtonite structure have also received
significant attention due to their suitability as a storage
media for high-level radioactive waste, especially radio-
nuclides with large ionic radii.[35,36]
Regarding the CGM in mantle rocks, the species with
mainly Ca, K, and Ba in the A position and Zr and Fe in
the B position appear to be the most abundant (see
review in Rezvukhin et al[24]). These species are also
characteristically enriched in Cr and Mg, whereas inclu-
sions in Cr-bearing pyropic garnet additionally contain
comparably high Al.[24,37,38] The Sr- and Pb-rich varieties
with U, Y, and Mn in the B position and substantial Zn
in the T position are not found as typical of mantle asso-
ciations.[4,23,37] However, the study of mantle CGM
shows possibilities for finding new species in the group
with a highly variable A-site cation set.[23,24,39] According
to the current classification, some CGM species found in
upper mantle rocks still do not have mineral names.[4,5]
Thus, to acquire a wider study of CGM, their careful
identification is needed.
However, the identification of CGM in a mantle
material is mainly confined to the measurements of their
composition by means of electron microprobe and scan-
ning electron microscope (SEM), whereas the structural
data are usually challenging to obtain, especially taking
into account a common small size of the grains
(e.g., other studies[37,40-42]). In light of the aforemen-
tioned, the micro-Raman spectroscopic technique serves
as a helpful tool for the express and accurate diagnostics
of CGM, which is highly applicable to a study of inclu-
sions in mantle minerals.
The known works considering the Raman spectra of
CGM are focused on the study of natural or synthetic
materials. Raman data are presented for natural
crichtonite, cleusonite, davidite (reference numbers from
RRUFF Project database[25] are given in Table 1), as well
as for gramaccioliite-(Y),[43] dessauite-(Y),[9] lindsleyite-
(Fe),[22] and synthetic CGM of lindsleyite-mathiasite
(LIMA) solid solution series.[18] The attempts to obtain
the Raman spectrum of paseroite have also been men-
tioned.[11] However, loveringite and its Sr-, Na-, Cr-,
and Mg-bearing counterparts usually described in
mantle rocks have not been yet characterized by the
micro-Raman spectroscopic technique. It is crucial to
obtain and interpret the information on the Raman spec-
tra of this group of Ti-Fe-Cr-oxides in order to compre-
hend a variability of species and solid solutions of the
CGM found in natural environments, particularly in
mantle rocks.[16,44]
Here, we present the results of a new compositional
and spectral study of mantle-derived CGM. Our primary
intentions have been to consider correlations between
the Raman spectrum features of CGM and their crystal-
chemistry. We also report the analytical parameters and
specific spectral features that we recommend to regard
when obtaining and interpreting the Raman spectra of
CGM. The data allow identifying these minerals as
inclusions or as separate grains in a rock matrix,
particularly within thin intergrowths, both from mantle
rocks (xenoliths) and their disintegrated fragments
(xenocrysts), including those from heavy-mineral
concentrate. The effective nondestructive approach to
diagnose CGM in mantle rocks presented in this study
offers a potential: (i) to make an extensive characteriza-
tion of the CGM lithological confinement, (ii) to clarify
the CGM genesis, and (iii) to delineate pressure-
temperature-composition conditions, at which these
minerals are stable in nature.
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2 | ANALYTICAL TECHNIQUES
Petrographic and mineralogical examination of samples
represented by mantle xenoliths (n = 14) and xenocrysts
(n = 4) was performed at the Sobolev Institute of Geology
and Mineralogy (IGM), Siberian Branch, Russian Acad-
emy of Sciences, Novosibirsk, Russia, and a substantial
part of analytical work was accomplished there using the
facilities of the Analytical Center for Multi-elemental and
Isotope Research. Xenoliths were vacuum-filled with
epoxy, cut, and double-side polished for thin sections
(200–300 μm), whereas garnet xenocrysts were embedded
into epoxy resin mounts and polished in preparation for
analysis.
Polished thin sections and mounts were character-
ized by quick scanning and imaging using a Tescan
MIRA 3 LMU SEM combined with an Oxford Instru-
ments INCA Energy 450+ XMax-80 microanalysis
system to obtain back-scattered electron (BSE) images
and energy dispersive X-ray spectrometry (EDS) compo-
sitional data. To get EDS compositions, an accelerating
voltage of 20 kV and counting times for each element of
20 or 60 s for point analyses and of 1,800 s for elemental
mapping were used. Quantitative mineral electron
microprobe (EMP) analyses were obtained using a JEOL
JXA 8100 EMP analyzer equipped with wavelength dis-
persive X-ray spectrometry (WDS) system. The filament
used provides a very stable beam current (0.3% for 12h)
even at high currents (up to 10 μA) that is essential for
precise minor and trace element measurements. Thin
sections and mounts were sputter coated with 25–30 nm
carbon films for EMP and SEM analytical study. Garnet
compositions were collected using a 2-μm-beam size, a
100-nA-beam current, and an accelerating voltage of 20
kV. To measure Na in pyropes, a 10-kV accelerating
voltage and a 30-nA-beam current were set. Counting
times for each element were generally 20 s (10 s for
peaks and 5 s for background from both sides), except
for Ca (30 s). The following natural and synthetic
standards (with lines taken in brackets) for garnet EMP
analyses were used: pyrope O-145 (MgKα, AlKα, SiKα,
FeKα), Cr-pyrope Ud-92 (CrKα), diopside (CaKα), glass
GL-6 (TiKα), Mn-garnet (MnKβ), albite (NaKα), and
orthoclase (KKα).
The EMP measurements of three garnet samples were
fulfilled using a Cameca SX100 EMP analyzer at the Uni-
versity of Tennessee (Knoxville, USA). The operating
conditions for them are placed into Appendix A. A 1-μm-
beam size was taken to investigate CGM by EMP analy-
sis. Standards and analytical conditions for CGM analyses
are presented in Table S1.
The CrKβ and MnKα and VKβ and TiKα peaks were
analyzed with the laser-induced fluorescence (LIF)T
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spectrometer crystal to avoid superimposition of an abun-
dant element line (Ti and Cr) with that of neighboring
one (V and Mn). Overlap correction was applied to mea-
surements to obtain Ce, Ba, and V concentrations, for
which 0.0045 × Ti, 0.00092 × Ti, and 0.55 ×Cr wt% were
subtracted from the Ce, Ba, and V contents of unknown
samples, correspondingly. Correction of V to Cr concen-
tration was needed to be done in case of lower-chromium
samples (ca. less than 10 wt% of Cr2 O3).
Prior to recalculation into oxides, raw analytical EMP
data were processed using standard ZAF matrix correc-
tion routine. The analytical accuracy was about 1 rel.%
for all major elements and about 5 rel.% for minor and
trace elements. The detection limits (3σ criterion) are typ-
ically within 0.01%–0.03% at routine analytical
conditions.
An overwhelming majority of morphologically oriented
inclusions of CGM in garnet grains from mantle xenoliths
have a small size, usually <5 μm in the shortest dimension,
what in turn places limitations to a quantitative EMP com-
position study. The chemical analyses of nine CGM inclu-
sions in garnets from six mantle xenoliths, with their SiO2
content below 0.5 wt% (except for two grains with SiO2
<0.9 wt%), are presented in the study (Table 2). They were
no less than 5 μm across and about 50–100 μm long. The
other analyses had to be excluded from the consideration
because of a noticeable contribution from the host garnet
(>1wt% of SiO2 content in CGM). Four CGM grains from
the Aldan garnet xenocrysts were large enough for EMP
analysis (>10 μm in diameter) and their SiO2 content is
even lower than 0.1 wt%.
The Raman measurements were performed at IGM
by using a Horiba Jobin Yvon LabRAM HR800 spectrom-
eter combined with a Nd:YAG laser (532-nm emission)
and an Olympus BX41 microscope. The Raman spectra
were recorded at room temperature in the backscattering
geometry with a 100× objective lens (0.37-mm working
distance, 0.9 numerical aperture) produced a focal spot
diameter of 1 μm, in the range of 60–4,000 cm−1 Raman
shift. An air-cooled (Peltier cooled) charge-coupled
device detector was utilized to register Raman signal. The
collection time was usually 10 s, and 5 to 10 scans were
accumulated. The spectral resolution for the recorded
Stokes-side Raman spectra of 2 cm−1 was achieved by
usage of 1,800 grooves per millimeter gratings and 100 or
200 μm slits in order to get proper signal quality. Selected
samples were also studied at the Ural Center for Shared
Use «Modern Nanotechnology», Ural Federal University
(Ekaterinburg, Russia) using a WITec Alpha300AR con-
focal Raman microscope equipped with a solid-state laser
(488 nm), He-Ne laser (633 nm), and a microscope with a
long working distance 100× objective lens (0.75 numeri-
cal aperture). The diffraction grating with 600 grids per
millimeter was used, and a 10-s integration time along
with 10 accumulations was set. The systems were cali-
brated using the 520.7 cm−1 Raman band of silicon before
and after each experimental session. The full width at
half maximum (FWHM) of the 520.7 cm−1 silicon band is
7.4 cm−1 for the LabRam and 3.9 cm−1 for the
Alpha300AR. Background correction was performed by
subtracting the minimum intensity of each spectrum,
which was different for both systems.
3 | SAMPLE DESCRIPTION AND
MINERALOGY
A set of mantle xenoliths (n = 14) from the
Obnazhennaya, Udachnaya-East, and Mir kimberlite
pipes (Kuoika, Daldyn, and Mirny kimberlite fields from
Lower Olenyok, Daldyn-Alakit, and Malobotuobia
regions, respectively), as well as garnet xenocrysts (n = 4)
from lamprophyres of the Aldanskaya dike and Ogonek
diatreme (Chompolo volcanic field, Aldan shield) have
been studied (Table 3). Geographically, the sampled
localities are situated in the Republic of Sakha (Yakutia),
Russian Federation, whereas from the tectonic point of
view, they belong to the Siberian craton. Lithologically
xenoliths are represented by garnet (n = 10) and
spinel-garnet (n = 4) varieties of lherzolites (n = 4), oliv-
ine websterites (n = 6), and websterites (n = 4). The
detailed petrographic features for most of the xenoliths
are described in Alifirova et al,[40] whereas several
new samples (O-39, O-25, Ob113/12, Ob108/12, and
Ob106/12) share similar peculiarities with those exam-
ined previously.
Pyropic garnet (up to 17 mm in diameter) from most
of the xenoliths is notable due to the occurrence of
shape-preferred oriented inclusions disposed along the
<111> direction of the host, varying in morphology and
size. Usually, these are rods, needles and platelets from
2–5 μm to 10–20 μm in thickness and 20–100 μm (rarely up
to 500 μm) long. The inclusions are composed of rutile,
Mg-rich ilmenite, clinopyroxene, CGM, olivine, and more
rarely orthopyroxene, chromite, Na-Ca-amphiboles
(Table 3). According to volume proportion estimates of
inclusions, rutile in these samples is the most abundant
mineral, although in some xenoliths (like UV223/09) its
proportion is comparable with that of pyroxenes.[45]
The needles and platelets in the examined pyropic gar-
nets are monomineralic or polymineralic (Figure 1). In
accordance with previous studies, shape-preferred orien-
tation relationships of clinopyroxene and orthopyroxene,
rutile, ilmenite, chromite, and olivine with the host
garnet are consistent with their solid-state exsolution
origin.[40,45]
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TABLE 2 Summary of data on the studied samples containing CGM and other associated minerals as inclusions in garnet
Sample no. Rock type Variety
T
( C) P (GPa)
CGM oriented/
unoriented
Other oriented
inclusions
Obnazhennaya kimberlite, Kuoika field, Lower Olenyok region
O-571 Lherzolite Grt-Spl +/– Rt, Ilm, Cpx, Amp
O-39 Lherzolite Grt 710 2.0 +/– Rt, Ol, Ilm, Cpx
Ob113/12 Lherzolite Grt-Spl 680 1.9 +/– Rt, Ilm, Cpx
Ob106/12 Olivine
websterite
Grt +/– Rt, Amp, Ilm, Opx
Ob108/12 Olivine
websterite
Grt 720 1.9 +/– Rt, Ilm,Ol,Cpx
O-25 Olivine
websterite
Grt-Spl 670 1.8 +/– Rt, Cpx
O-207 Olivine
websterite
Grt 830 3.4 +/– Rt, Ol, Cpx, Amp, Ilm
O-173 Websterite Grt 830 2.8 +/– Rt, Cpx, Ilm
O-264 Websterite Grt +/– Rt, Cpx, Ilm
O-301 Websterite Grt +/– Rt, Cpx, Ilm, Opx
O-550 Websterite Grt 780 2.4 +/– Rt, Ilm, Cpx
Udachnaya-East kimberlite, Daldyn field, Daldyn-Alakit region
UV223/09 Olivine
websterite
Grt 910 4.5 –/+ Cpx, Rt, Ol, Ilm, Opx
UV127/09 Olivine
websterite
Grt 850 3.7 +/+ Cpx, Rt, Ilm
Mir kimberlite, Mirny field, Malobotuobia region
M34/01 Lherzolite Grt-Spl 740 2.4 +/+ Rt, Cpx, Opx, Ilm, Ol,Chr
Sample No. Sample type Grt typea T ( C) P* (GPa) CGM
oriented/
unoriented
Associated mineral
inclusions
Aldanskaya lamprophyre, Chompolo field, Aldan shield
s21 Grt xenocryst G9 2.9 –/+ Mgs, Cpx, Phl, Gr, (CGM
+Ol),
(CGM+Mgs)
1n11 Grt xenocryst G9 2.5 +/– Rt, Ilm, Amp, Ol, Gr, Cp,
Phl,
(Rt+Cpx+Ap+Mgs)
Ogonek lamprophyre, Chompolo field, Aldan shield
s328 Grt xenocryst G9 2.6 +/– Rt, Ilm
s291 Grt xenocryst G9 2.8 –/+ (Ol+Chr), (CGM+Spl
+Amp+
Phl+Mgs+Mss+Pn+Cp)
Note: Pressure P is estimated with Opx-Grt geobarometer, temperature T is estimated with ‘Ca-in-Opx’ geothermometer,[46] both in accor-
dance with recommendations.[47] The estimates of P* were obtained with monomineral geobarometer.[48] The geothermobarometric study
follows previous procedures.[22,45] The mineral name abbreviations here and throughout the text are according to Whitney and Evans,[49]
except for Mss – monosulfide solid solution. Minerals listed in parentheses correspond to the studied polymineral inclusion associations.
Abbreviation: CGM, crichtonite group minerals.
aClassified, following Grütter et al.[50]
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Garnet xenocrysts from the Aldanskaya and Ogonek
lamprophyres represent grains 2 to 4 mm in diameter
containing primary mineral inclusions (listed in Table 2)
that are not associated with cracks. These mineral inclu-
sions in the Aldan samples often have needle- and
blade-like morphology with cross-sections of a round or
polygonal shape, though subisometric inclusions are
commonly recognized as well.[22] Concerning CGM
inclusions in the Aldanskaya and Ogonek garnets, they
occur essentially as subherdal to euhedral tabular
crystals. An inclusion in sample s291 (Ogonek pipe) is
polymineralic and comprises CGM, Cr-spinel, amphibole,
phlogopite, magnesite, and a sulfide speck, the latter
being composed of pentlandite—monosulfide solid solu-
tion tight intergrowths surrounded by a chalcopyrite rim
(Figure 2). The whole inclusion is roughly isometric
(100 × 150 μm) and petrographically is not oriented
inside the garnet matrix.
Garnets from the examined xenoliths and xenocrysts
contain CGM forming whether only oriented inclusions
(n = 13), or only unoriented (n = 3) ones, or both (n = 2).
In the morphologically oriented intergrowths, CGM
make up the inclusions commonly occurring as a net of
μm-sized needles, rods, lamellae, and blades together
with other minerals listed above. Needle-like CGM are
usually regularly spaced and morphologically oriented in
a garnet parallel to <111>. These are no more than sev-
eral micrometers thick, but length may be several tens of
micrometers (Figure 1a–f). Blade or rod-like CGM are
also oriented in most cases but are occasionally randomly
TABLE 3 Chemical electron microprobe (EMP) analyses of crichtonite group minerals (CGM) included into mantle garnet
Sample O-39 M34/01 M34/01 M34/01 M34/01 O-173 O-207 UV127/09 O-264 1n11 s21 s291 s328
grain no. a b c d
Oxide contents (wt%)
SiO2 0.13 0.17 0.08 0.82 0.05 0.88 0.47 b.d. 0.06 0.04 0.03 b.d. 0.01
TiO2 68.3 61.3 61.5 60.9 66.6 68.1 63.8 65.8 68.4 60.9 57.4 56.9 57.4
Al2 O3 2.33 1.68 1.20 1.52 1.39 2.74 3.38 1.23 2.15 1.64 1.27 2.15 1.43
Cr2O3 6.58 16.0 14.2 15.0 12.9 2.41 3.86 10.79 7.39 13.1 16.6 17.5 15.4
FeOa 10.2 6.69 7.14 7.05 7.99 11.7 9.93 9.10 7.67 8.07 7.34 8.37 8.19
MnO 0.15 0.12 0.15 0.13 0.13 b.d. b.d. b.d. 0.09 0.11 0.10 0.10 0.08
MgO 4.18 3.13 3.49 3.57 3.97 5.22 5.17 3.62 5.12 4.29 3.90 3.71 3.48
NiO 0.10 0.04 0.05 0.04 0.07 n.a. n.a. n.a. 0.17 0.05 0.03 0.07 0.05
CaO 2.57 2.30 0.99 1.91 2.35 1.26 1.55 0.63 2.65 0.58 0.35 0.44 0.71
SrO 0.08 0.06 0.25 0.32 n.a. 2.58 1.47 1.06 n.a. 0.53 0.22 3.08 0.42
PbO 0.10 0.02 0.05 0.29 n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
BaO b.d. b.d. 4.69 0.23 n.a. n.a. n.a. n.a. n.a. 5.55 6.73 1.06 4.53
Na2O 0.75 0.51 0.19 0.43 n.a. n.a. n.a. n.a. n.a. 0.03 b.d. b.d. 0.04
K2O 0.12 0.21 0.21 0.40 n.a. 0.63 0.47 0.39 n.a. 0.09 0.03 0.02 0.27
Ce2 O3 b.d. 0.20 1.56 0.39 n.a. n.a. n.a. n.a. n.a. 0.06 b.d. 0.75 0.05
La2 O3 b.d. b.d. 0.05 0.06 n.a. n.a. n.a. n.a. n.a. b.d. 0.04 0.65 b.d.
Y2 O3 0.01 b.d. b.d. 0.01 n.a. n.a. n.a. n.a. n.a. 0.01 0.05 b.d. b.d.
V2 O5 b.d. b.d. b.d. b.d. b.d. n.a. n.a. n.a. b.d. 0.70 0.66 0.65 0.78
Nb2 O5 b.d. b.d. b.d. b.d. b.d. n.a. n.a. n.a. b.d. b.d. 0.06 b.d. b.d.
ZrO2 2.38 4.82 2.42 4.18 2.59 4.15 4.66 2.36 3.39 1.74 1.66 2.52 4.85
HfO2 0.02 0.14 0.05 0.21 n.a. n.a. n.a. n.a. n.a. 0.10 b.d. b.d. 0.26
UO2 b.d. b.d. b.d. b.d. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a. n.a.
Total 98.0 97.4 98.3 97.4 98.1 99.7 94.8 95.0 97.1 97.5 96.4 97.9 98.0
Mg# 42.2 45.5 46.6 47.4 47.0 44.3 48.1 41.5 54.3 48.7 48.6 44.1 43.1
Cr# 65.4 86.5 88.9 86.9 86.2 37.1 43.3 85.5 69.7 84.2 89.7 84.5 87.8
Note: Letters a, c, and d correspond to oriented CGM inclusions in garnet, and b corresponds to unoriented one. b.d.— below detection limit;
n.a. – not analyzed.
aTotal Fe as FeO. Mg# = 100 ×Mg2+/(Mg2+ + Fetotal); Cr# = 100 × Cr3+/(Cr3+ + Al3+).
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distributed. Commonly occurring as single crystals, CGM
may also coexist with other minerals (e.g., acicular
rutile and clinopyroxene) in elongated intergrowths
(Figure 1e–f).
The inclusions of CGM of more than 10 μm thick
are usually opaque, black in color, and with sub-
metallic luster, similar to other members of the
crichtonite group met in mantle environment.[37] Thin
needles/rods/lamellae and edges of thicker inclusions
are transparent or translucent, with color from
brownish green to dark grayish green for low-Cr
varieties, and brownish red for Cr-rich ones.
4 | MINERAL CHEMISTRY
4.1 | Host garnet
Major-element compositions of garnet from the studied
xenoliths and xenocrysts fall in a range of typical mantle
pyrope-rich chemistries with proportions of Prp68.5 − 76.9
Alm9.3 − 18.7
Uv1.0− 7.7Grs2.9− 9.3 for the Obnazhennaya, Prp66.0 − 69.7
Alm15.4 − 17.6Uv4.2− 13.3Grs0.0− 5.6 for the Udachnaya and
Mir xenoliths, together with Prp65.5 − 67.8Alm16.0 − 16.8
Uv10.0− 12.7Grs0.0 for the Aldanskaya and Ogonek
xenocrysts, whereas other components (Knr, Scl-Al, Mrt,
NaTi Grt, Mrt-Mg, Maj, Sps, Adr, and Skg) comprise no
more than 1.5–5.1 mol.% in proportion (Table S2). The
end-members were calculated and named in accordance
with Locock.[51] Compositions and parageneses of garnet
grains in the studied xenoliths are unambiguously deter-
mined by the whole-rock chemistry, whereas the parage-
netic derivation of the garnet xenocrysts from the Aldan
lamprophyres has been determined as ‘lherzolitic (G9)’
(Table 3, Grütter et al[50]). The contents of chromium
(Cr2 O3 0.34–5.42 wt%), calcium (CaO 3.68–5.96 wt%),
and titanium (TiO2 0.06–0.31 wt%) as well as magnesian
number (Mg#{= 100 × Mg2+/(Mg2+ + Fetotal)}76.9–86.5)
differ significantly. Chromium number Cr# = 100 ×Cr3+/
FIGURE 1 Crichtonite group
minerals composing inclusions with
shape-preferred orientation in mantle
xenolith garnets. (a) general overview
of monomineral oriented inclusions
(O-173, Obnazhennaya pipe); (b) CGM
needle inclusions and Cpx + Rt
intergrown lamellae (M34/01, Mir pipe);
(c) CGM monomineral oriented
inclusion together with Rt and Cpx
precipitates (O-207, Obnazhennaya
pipe); (d) CGM intergrown with Cpx
and Rt (O-207, Obnazhennaya pipe);
(e) polymineral lamella of CGM + Rt
(O-39, Obnazhennaya pipe); (f)
polymineral lamella of Cpx + CGM
(O-173, Obnazhennaya pipe). Optical
images are made in a plane polarized
light. CGM, crichtonite group minerals
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(Cr3+ + Al3+) ranges from 1.0 to 15.1, with the highest
value for the Aldanskaya garnet (Sample s21), whereas
the lowest figures are typical of the Obnazhennaya garnet
grains (Sample O-207). The TiO2 variations within indi-
vidual crystals are minor, mostly less than ±0.03 wt%.
The difference in Cr2 O3 content with variation larger
than ±0.08 wt% was found only in a few samples; the
most pronounced one from core (2.73) to rim (2.30) is
observed in Sample O-571. Other element variations are
within analytical accuracy (Table S2). Thus, garnet host
grains widely show no core-rim zoning. The contents of
Na2O are usually less than 0.10 wt%.
4.2 | Crichtonite group minerals
The composition of the CGM is various among different
garnet grains from a set of the studied samples. Neverthe-
less, it is close to uniform for species with the same mor-
phology within individual host garnet grains; in these
grains, variation of oxide contents falls into the analytical
accuracy range (Table 2).
The A-site position is occupied mainly by Ca, Na,
Sr, K, Ba, Ce, and La cations. The B-site is dominated by
Zr or Fe, and the C-site cations include Ti, Cr, and Fe
with noticeable Al, the Mg with fewer amounts of Fe and
Mn fill in the T-site (Table 4). The compositions of the
studied CGM vary in TiO2 (ranging from 56.9 to 68.4 wt
%) and Cr2 O3 (ranging from 2.41 to 17.5 wt%). As Ti and
Cr cations occupy the same C-position, the TiO2 and Cr2
O3 contents are in roughly negative correlation with each
other. The values of Cr# vary significantly from sample
to sample (37.1 to 88.9). Similar to previous
observations,[24,37,39] the Cr2 O3 content in CGM is in
strong positive linear relationships with that of the host
garnet (R = +0.97 for both core and rim garnet composi-
tions, n = 13). Weaker interdependence in between Al2
O3 content in garnet and CGM (R = +0.83 for both
garnet cores and rims) as well as in between Mg# of gar-
net and ZrO2 content of CGM (R = –0.72 for garnet cores
and –0.74 for garnet rims) has been noticed.
5 | RAMAN SPECTROSCOPIC
RESULTS
5.1 | Experimental and theoretical basis
To study the mineralogy of inclusions composing a mor-
phologically oriented network in garnets, high precision
methods are necessary. Small size of mineral grains
restricts the application of EMP and SEM methods for
the routine mineral identification. In that case, Raman
spectroscopy allows identifying small-sized minerals,
including those unexposed on the host mineral surface.
Our first measurements were devoted to recognize CGM
and distinguish them from other mineral species usually
composing oriented needles in mantle garnets. For this
purpose, those needles that had been preliminary studied
with EMP and SEM (examples are shown in figure 6a,b
in Alifirova et al[40]) and had shown compositions closest
to CGM (in a calculation to mineral formula) were taken.
Samples O-207, O-173, and UV127/09 were employed as
inner standards. These standards were studied by an opti-
cal microscope to recognize the typical features of CGM,
like their color, transparency, and morphology
(Figure 1).
5.2 | Factor-group analyses and band
assignment
The CGM have a crystal structure with rhombohedral
symmetry that belongs to the R–3 space group (No. 148),
the point symmetry C3i (= –3). The CGM structure is
based on the closest-packed anion lattice having a nine-
FIGURE 2 Polymineral inclusion
in a garnet xenocryst from the Ogonek
lamprophyre (sample s291). (a) Optical
microscope plane polarized light image.
(b) Back-scattered electron (BSE) image.
Sulfide aggregate is composed of tight
intergrowths of monosulfide solid
solution and pentlandite rimmed by
chalcopyrite. CGM, crichtonite group
minerals
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layer stacking sequence (hhc…) in which the XIIA
(M0) cation occupies an anion site. The other cations are
ordered into 19 octahedral, that is, VIB and VIC (M1, M3,
M4, and M5), and 2 tetrahedral, that is, IVT (M2), sites
per a primitive unit cell. The M1 and M3 octahedra form
one layer, whereas the M0, M2, M4, and M5 polyhedra
form a double layer.[3,7,12,15,16]
Because most of the studied CGM species from man-
tle garnets are considered as chemical analogues of lov-
eringite, the latter was examined in terms of factor-group
analysis using Bilbao Crystallographic Server.[52] Crystal
structure data for both natural samples[15] and synthetic
(Sample 9b[53]) counterparts have been taken into
account.
According to the structural data, the parameters of
the primitive cell for natural loveringite are a′= b′= c′=
9.117 Å and α= β= γ =69.070°.[15] The generalized
formula, following our recalculation, is [Ca, LREE,
Pb]A1.000 B1:000 [Zr, Fe, Ca, (Y, Th, U, Hf)]
B
1.375
C
1:375 [Ti, Fe,
Cr, Al, V, Nb, Ni]C18.000T18:000 [Mg, Fe, Mn]
T
2.000O38. One
hundred and two Raman active vibrational modes are
allowable, following the symmetries: ΓRaman= 51Ag+
51Eg, where each Eg mode is double degenerated Eg ¼
Eg 1þE2g . The only contributors of the Raman spectral
features of this oxide are to be ionic groups of cations
from octahedral interstices (all having 18f Wyckoff posi-
tion), the major of which is Ti4+O6.
Regarding the synthetic sample,[53] the parameters of
the primitive cell are a0 = b0 = 10.42 Å, c0 = 20.9413 Å,
and α= β =90 , γ =120. The generalized formula
is CaA1:000½Ca,MnB1:000½Mn,Ti3+ ,Ti4+ 
C
18:000Mn
T
2:000O38:
For this loveringite, 64 Raman active modes are
assigned: ΓRaman= 32Ag+ 32Eg. Ionic groups with
cations of 18f and 6c Wyckoff position represent a major
contributor to the Raman spectral features. The cationic
groups make up octahedral and tetrahedral interstices
and, considering the synthetic sample,[53] are Ti4+O6 and
Mn2+O4.
Both cases clearly show that the cations occupying
the 12-coordinated M0 and the eightfold M1 positions do
not contribute to the Raman spectral features. The latter
was approved by our Raman experimental study. Even
the significant variability of the A- and B-site occupancies
in the investigated mantle samples from different locali-
ties does not introduce significant differences in the
Raman spectra features (Figures 3 and 4, Table 4). None-
theless, the factor-group analysis evidences the difference
in Raman spectra to depend on a cation distribution
between the M2–M5 polyhedra. Noticeable proportion of
Fe in the Mg-rich tetrahedra, and substitutions of Ti by
Cr, Fe, and Al in the C-site octahedra in our samples, is
responsible for the slight variations of the Raman band
disposition, and this difference is even more obvious ifT
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comparing our Raman data with those for synthetic sam-
ples (Figure 3, Konzett et al[18]).
5.3 | General Raman features of CGM
The spectra of CGM cover a range of wavenumbers from
low ones to 1,000 cm−1, with the most intensive modes
allocated within a region of 100–850 cm−1. The latter is
consistent with the CGM chemistry, as they are com-
posed of heavy elements, mostly metals, occupying
oxygen-framed positions and held in the crystal structure
by ionic bonds.
Similar to many other Fe-Ti-Cr-oxides like ilmenite,
or those of spinel- and magnetoplumbite-groups
(e.g., Konzett et al[18] and Wang et al[54]), CGM produce
lower Raman signals than oxyanionic minerals and Ti
and Al oxides and represent weaker Raman scatters. This
FIGURE 3 Raman spectra of the crichtonite group minerals included into the garnet from the investigated mantle samples. Sharp
peaks from the host garnet are indicated by stars (*)
1504 ALIFIROVA ET AL.
difference can be partially attributed to dark colors of
CGM in thick and dense grains, limiting the penetration
depth of the excitation laser beam (visible wavelength)
and produced Raman radiation. It should be noted that
when measuring dark thick granular inclusions from the
studied collection (e.g., Aldanskaya samples), it was
found that the intensity of the strongest peaks was sev-
eral times lower than that of thin lamellar inclusions and
inclusion thin edges.
A small difference of intensities in the CGM Raman
spectra is explained by that bond strength difference
between different types of polyhedra (e.g., TiO6 octahedra
and FeO4 tetrahedra) is less pronounced, and overall
degree of covalency is much lower than that in silicate,
phosphate, carbonate, and sulfate compounds. Moreover,
polyhedra in the CGM structure are more or less rigid
that is supported by their bulk modulus. Upon watching
a number of Raman-active modes in CGM, the question
arises why not all the modes are pronounced in the
measured spectra. First of all, the modes are likely over-
lapped, and second, only major contributing modes can
be recognized due to the aforementioned reasons
(Table 5, Figure 5). The cation substitutions can cause a
change in spectral features (Figure 3, Section 5.2), and
major modes have different intensities (Figure 4).
The position and shape of the strongest peaks of
CGM in the regions of 100–200, 300–450, 700–850 cm−1
(Ag translation, bending, and stretching modes, respec-
tively) are the most useful for discriminating CGM.
Minor peaks (Eg symmetry) in the region of 100–900
cm−1 also assist in the recognition, especially when delin-
eating characteristic features of various CGM species.
These spectral properties are valuable to investigate vari-
ability amid Fe-Cr-Ti oxide solid solution series in natu-
ral samples.
5.4 | Raman features of the studied CGM
Due to the lack of the loveringite Raman spectra in the
database, we have compared the collected spectra with
those of other mineral species that belong to the
crichtonite group, in particular synthesized LIMA
minerals,[18] dessauite-(Y) from La Beaume, Oulx, Susa
Valley, Piedmont, Italy, and gramaccioliite-(Y) from the
Sambuco, Stura Valley, Cuneo Province, Italy,[9] as well
as crichtonite from the Presidente Kubitschek, Minas
Gerias, Brazil (RRUFF ID 090006; Lafuente et al[25]), and
davidite-(La).[8] The particular CGM species for which
we report the Raman data are indicated in Table 1.
The comparison between the Raman spectra recorded
from 10 to 2,000 cm−1 of the studied crystals and those of
synthetic LIMA minerals[18] is shown in Figure 3. The
close matching between the collected spectra is observed.
The main Raman bands of CGM are located in the region
between 100 and 200, 300 and 450, 650 and 850 cm−1; the
strongest ones are at 130, 300–310, 410–440, 710–720,
and 810–820 cm−1. Other weaker, broad, and shoulder-
like bands are visible at 190, 208–215, 457–467, 538–556,
365 and 660 cm−1 (Figure 5).
The investigation of the O–H bond bending and
stretching region (3,200–3,800 cm−1) showed no Raman-
active modes, either at commonly used 14mW or at
lower laser beam power values. Thus, this region is not
depicted in the Raman spectra plots (Figures 3, 4, and 5).
It was found that high energy of the laser produces
either strong fluorescence or destruction of the mineral,
making Raman signal much weaker (even ‘flat’) or noisy,
and in both cases, no detectable Raman spectra can be
collected. The destruction of LIMA minerals under the
laser irradiation was described previously.[18] In the pre-
sent study, CGM with prevailing Ba and Sr in the A-site
FIGURE 4 Plot showing the dependency between laser beam
power and intensity of modes in the Raman spectra of CGM from
Aldanskaya and Ogonek garnet xenocrysts. CGM, crichtonite group
minerals
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(for example, samples from the Aldanskaya dike and
Ogonek diatreme) showed the same behavior. The CGM
rich in Sr, Ce, and La from the Obnazhennaya kimberlite
are noticed to be affected by a laser as well. Nevertheless,
all these species become destructed under laser only
when exposed onto the surface, whereas being inside the
host garnet, CGM do not show observable destruction
features. It should be noted that relative peak intensity in
the Raman spectra for the destructed minerals was lower
than that for the nondestructed ones, what highlights in
turn that the lower laser beam power is desirable but not
mandatory to analyze CGM.
The dependence of the Raman spectrum appearance
on the laser beam power is presented in Figure 4. It can
be noticed there that the Raman band around 820 cm−1
is more pronounced at the lower laser beam power,
whereas at the higher power, this band has a shoulder
shape. Alike feature can be seen in the spectra of samples
O-173 and O-207 (Figure 3), where the band at 820 cm−1
is smoothed to a shoulder-shape. The CGM in these sam-
ples showed intense laser-induced destruction. The
occurrence of the shoulder-shaped band in a direction to
the higher frequency shift values in fact may be taken as
an indicator that the examined crichtonite-group mineral
was damaged under the laser beam. The CGM that are
close in composition to loveringite species (A-site is occu-
pied mostly by Ca) show low or nearly indistinguishable
destruction under the laser irradiation when being either
on or under host garnet surface.
We noticed the translucent needles or thin edges of
CGM to give better Raman spectra (Figure 1), whereas
large intransparent grains and thick plates often provide
no enough or much lower signal. Some of the CGM
showed luminescence effect on the Raman spectra when
using 633-nm excitation wavelength laser, whereas with
488- and 532-nm lasers, this effect appears to be lower. It
means that certain luminescence centers become excited
under red rather than blue and green laser. As a rule, the
CGM studied with 633-nm excitation wavelength laser
showed lower intensity Raman spectra, compared with
those taken with shorter-wavelength illumination (488-
and 532-nm lasers). In case of using a filter-decreased
TABLE 5 Gaussian function peak fitting results for the Raman spectrum of CGM from Grt-lherzolite garnet O-39
Fityk baseline correction CrystalSleuth baseline correction
X Position HWHM Amplitude X position HWHM Amplitude
79.7 12.5 2097.0 75.0 6.5 1680.4
85.7 8.0 714.2
91.7 13.0 1231.0
108.2 67.7 6223.6 104.8 6.9 330.2
126.6 27.7 2682.9
188.1 12.7 677.9 186.7 10.2 733.8
208.0 11.9 228.9
215.6 34.6 1860.5 215.4 2.1 39.5
238.5 3.4 101.1
310.8 66.2 5202.0 300.5 20.1 749.9
324.1 0.0 87.2
328.4 17.4 327.6
398.2 33.5 2233.7 418.7 26.0 481.6
435.2 30.6 1519.3 440.1 12.1 79.0
467.7 38.9 1887.0 457.2 10.7 182.4
538.4 54.2 2251.1 555.8 25.5 401.0
660.0 16.0 1647.0 661.2 17.2 330.7
717.9 113.2 3877.2 712.4 31.4 261.5
823.1 28.1 491.5 823.7 19.0 300.4
951.9 124.5 470.4 929.1 17.8 130.5
981.1 37.8 66.1
1159.0 53.8 60.6
Abbreviation: HWHM, half width at half maximum.
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laser beam power at 532 nm and a normal (unfiltered)
laser beam power at 633-nm illumination, when Raman
signal from both green and red excitation is low, the
CGM spectra are relatively noisier if induced by a red
laser. These effects can be explained by the inverse
dependence of the Raman scattering intensity, detector
sensitivity, and spatial resolution (and, thus, a noise
level) from illumination wavelength.
6 | DISCUSSION
6.1 | Dependence of the CGM Raman
features on their chemistry
According to the theoretical constraints, there should be
64 Raman-active vibrational modes in the Raman
spectrum of synthesized ‘loveringite’.[53] There is still an
uncertainty whether the spectrum of natural loveringite
contains the same number of modes. The loveringite
Raman spectrum has been found neither in publications
nor in the RRUFF database.[25] The latest structure
refinement data of the natural loveringite were reported
following a simpler formula AB21O38,
[15] and the number
of Raman-active modes for this oxide accounts 102. Cur-
rent data for the oxide compounds of the crichtonite
group require present structural data for natural lov-
eringite and its analogues to be up-to-date. In particular,
the distribution of cations between positions can be
unclear, taking into account that Ca in loveringites can
enter both the M0 and M1 positions. Nevertheless, the
latter is unlikely to significantly affect the Raman fea-
tures, as the M0 and M1 site occupancies hardly contrib-
ute to the Raman spectra.
The Raman band assignment can be complicated as
large amount of Raman-active modes is disposed within
comparably narrow frequency shift region. These modes
are produced by vibrations of cationic groups in which
metal-oxygen bonds are characterized by moderate cova-
lency degree, similar to other Fe-Ti-Cr oxides.[54] The
moderately ionic character of the chemical bonds regu-
lates shape of the Raman bands which, correspondingly,
are relatively lower in their intensity and have larger
FWHM values, compared with the Raman bands
assigned to vibrations of strongly covalent bonds. Regard-
ing the CGM Raman spectra, broad and smooth bands
are observed around 310, 430, 550, 660, 720, and 820
cm−1 (Figure 3). Due to the wide and low-amplitude fea-
tures of the CGM Raman bands, their large amount may
appear merged in the Raman spectra (Figure 5, Table 5).
In that case, deconvolution of the spectra may become a
matter of subjective view. An alternative explanation of
why the Raman bands may be merged or broadened is as
follows. When comparing the Raman spectra of the CGM
presented in this study and in Konzett et al,[18] the differ-
ence in FWHM of the CGM Raman bands can be noticed
(Figure 3). Those in our natural samples, whose chemis-
try is an intermediary of a substitutional solid solution,
are all wider and comparatively lower-intensive than the
Raman bands of the pure, synthesized compounds. Simi-
lar difference between Raman spectra of end-members
and their mixtures is observed in other minerals, for
example, in garnets.[57]
Despite the fact that the exact recognition of all possi-
ble Raman modes is difficult, the recorded CGM Raman
spectra are clearly distinguished from those of the other
oxides (like ilmenite or those belonging to the spinel- and
magnetoplumbite-groups; Konzett et al[18] and Wang
et al[54]) and, to a lesser extent, among individual species
within the group (Bittarello et al[9] and Frost and
FIGURE 5 Peak fitting modeling for the Raman spectrum of
an oriented CGM inclusion in garnet, Sample O-39. The raw
spectrum was baseline (BL) corrected with Fityk[55] (a) and
CrystalSleuth[56] (b) software
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Reddy[8]), and carry a number of diagnostic features that
are applicable to the accurate identification of CGM.
Obtained results demonstrate the Raman spectra of CGM
to contrast with those of aforementioned optically and
chemically similar compounds due to difference in crys-
tal structure and chemical bond vibrations. A slight varia-
tion in the Raman peaks position of the CGM spectra
from this and previous studies is explained by the wide
diversity in the CGM solid solution series (Figures 3 and
5, Tables 1 and 3), and it is strongly dependent on which
cations predominate in the C and T positions.
Our study includes the Raman data for loveringite,
lindsleyite, and their chemical analogues (Table 1). The
latter might represent new mineral species (e.g., Samples
O-173, O-39, s328, s21, 1n11, and s291). Alike CGM were
described in the Khibiny alkaline complex,[23] as well as
inclusions in garnet xenocrysts from the Intern-
atsionalnaya kimberlite[24,39] and Garnet Ridge ultra-
mafic diatreme, Colorado Plateau.[37] Some of them are
akin to Na-Sr-rare earth element (REE) titanates of the
crichtonite group that were suggested as distinct mineral
species.[23] It is noteworthy that in the CGM from the
Khibiny carbonatites, Fe prevails over Zr and the portion
of Ca is high as well,[23] whereas Cr contents are low
compared with the Siberian CGM. Regarding the CGM
from the Internatsionalnaya kimberlite,[24] one of the
species (INT-15) chemically equivalent to the Ogonek
sample studied here (s291) was examined by a single-
crystal X-ray structure analysis proving a match of dif-
fraction patterns by that of CGM. In our samples, there
are species rich in Sr, Ba, or Na (along with Ca) in the A-
site, whereas in the B site, the Zr or Fe prevails over other
cations, and Cr is an essential (though not prevailing)
component of the C site. Hence, our chemistry data
extend the dataset for CGM occurring in natural environ-
ments. They also obviously demonstrate that a review of
structural refinement data for mantle CGM is on demand
to expand views on isomorphic series of CGM and
improve their nomenclature.
6.2 | Specific spectral diagnostics of
CGM: luminescence and metamictization
Our Raman study revealed some CGM spectra to be
interfered by luminescence. Luminescence has been con-
sidered as one of the diagnostic features of CGM
(e.g., Bittarello et al[9]). The effect of luminescence may
hide minor Raman bands or make major ones look
broader and lower intense, though it can be decreased by
using a lower laser beam power. Nevertheless, it can not
be fully avoided in case of species enriched by elements
which are luminescence centers, that is, lanthanides
(e.g., La, Ce, and Pr), actinides (U), and transition metals
(e.g., Y and Cr). As it was shown, for example, for the
other REE-enriched accessory minerals,[58] the emission
of listed elements and its intensity are controlled by laser
illumination wavelength and by energy-dependent nature
of different luminescence centers to excite. In this case,
to record the Raman spectra, one may also need to select
the excitation wavelength based on the chemical compo-
sition of CGM.
Furthermore, the effect of metamictization of min-
erals may cause the same influence on the Raman spectra
because the crystal structure can become partially des-
troyed and/or amorphous. We compared our data with
the Raman spectra of cleusonite, dessauite-(Y), and
gramaccioliite-(Y),[9] and the Raman spectra acquired in
this study look similar to those of uranium-bearing CGM
varieties. It is accepted that the species of the crichtonite
group such as cleusonite,[4] davidite-(La), and davidite-
(Ce),[7,8] dessauite-(Y),[2] loveringite,[15] mapiquiroite,[12]
and mianningite[14] demonstrate partially metamict
features. The partially metamict crystals also show poor
X-ray diffraction patterns[14] that appears to be a
widespread phenomenon among about a half of CGM
species.[12,13] The radiation damage affects a ‘quality’ of
the Raman spectra.[9] It has been shown previously that
heating up to 1,000 C, annealing for several hours and
final recrystallization causes rearrangement of the CGM
structure, which makes it possible to obtain single-crystal
diffraction patterns.[14] This approach, in turn, is sup-
posed to help in acquiring Raman measurements for
radiation-damaged CGM.
With that in mind, however, the widening of several
Raman bands is unlikely to result from the partial occu-
pation of the M0 and M1 sites by lanthanides, actinides,
and fission products. Although it may rather reflect the
change of valence, further valence balance, and/or
change of coordination number, which thus leads to re-
partitioning of cations between sites, like it happens in
case of U4+ and U6+. A decay of some large-ion elements
may occur only in the M0-site,[35] nevertheless, liberated
electrons might be taken up by transition metals with
variable oxidation states such as Ti4+, Cr3+, Fe3+, and
V5+, and extra vibrations may occur and merge in Raman
spectra, as these elements occupy M-sites that are active
for Raman scattering. At the same time, the decay of
other elements (e.g., 90Sr to Zr) may involve the diffusion
of cations from M0 to M1 or other M sites.[35] If so, the
radiation damage effect is owing to be observed in
Raman spectra because it may introduce variability to the
Raman spectra shape.
An excess of cations (including radionuclides and fis-
sion products) in the sites of the CGM structure is related
to the capacity of the crichtonite structure type to hold a
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significant amount of vacancies compensating charge,[18]
and it is usually observed in natural CGM (e.g. Barkov
et al[23]). Radioactive damage metamict features reflected
in the Raman spectra of CGM are an outstanding exam-
ple of how the physical and chemical properties may be
changed due to alpha-decay of elements, especially
U and Th. Metamict features may serve as diagnostic
ones while searching for crichtonite minerals. Moreover,
metamictization may be an explanation, why some CGM
crystals yield poor and noisy Raman spectra. The
metamictization effect along with a complex composition
of CGM containing transitional metals may elucidate
also, why their chemical composition should be sensitive
to the environment oxidation state.[53]
6.3 | Composition of CGM and crystal-
chemical implications
The CGM chemical composition acquired by means of
EMP analysis commonly has a total below 99 wt%. It
takes place even if the EMP routine includes measure-
ments of 22 elements, and SiO2 is added into a set of ele-
ments to control the analyses quality and contamination
by the host mineral. Formula calculations show that the
total of elements with large ion radius occupying the A
site in the CGM crystal structure may exceed unity if con-
sidering all Ca to enter it. It has been shown previously
that Ca is able to enter the B site. In that case, the excess
of cations is spread homogeneously between the cation
positions. The sum of elements from all the A, B, C, and
T sites per 38 oxygen either is close to or exceeds 22.
Alike features have been noticed earlier for the CGM
from the Khibiny.[23] Regarding chromium-rich CGM,
the excess of cations per formula is systematically higher,
and for CGM containing >15.5 wt% of Cr2 O3 like those
from the samples GRPy-40 and GRPy-43 (Garnet Ridge
ultramafic diatreme, Colorado plateau[37]) and samples
INT15 and INT66 (Internatsionalnaya kimberlite pipe,
Siberian craton[24]), the cation sum is equal to 22.7 to
23.2. The higher proportion of cations per formula may
result from keeping charge balance, and it was noted that
the total electroneutrality of compounds is commonly
kept. The studied xenolithic CGM (n = 9) have a mean
cation charge of 76.13 (σ 0.56). For example, the Khibiny
CGM[23] (n = 1408) have the cation charge equal to 76.08
on average.
Our results of analysis indicate that bond vibrations
within the «water» region do not occur in the Raman
spectra. The factor group analyses partially support this
observation. The OH− groups in the crystal structure of
the CGM replace oxygen in the O7 position and are
bound in the tetrahedral M2 cations (position T in the
formula),[13] so that the cations with the 6c Wyckoff posi-
tion form bonds with O–H. If considering structural data
of natural loveringite,[15] this cation group is an inactive
Raman mode, though using structural data of synthetic
one,[53] the 6c cations should produce Raman-active
modes in spectra. In the latter case, the absence of O–H
stretching vibrations in the CGM Raman spectra should
be explained in different way. Whether or not, structural
analysis shows M0–M2 cationic groups to be active in the
IR and, as a result, structural water bands should occur
in the IR spectra. With that, the presence of hydroxyl in
the CGM can also explain the low totals of EMP analyses.
In addition, it should be noted that the CGM structure
allows for a significant amount of vacancies,[53] which
was later supported by a natural sample study (e.g., Ge
et al[14]). Moreover, the crystal structure of the CGM is
known to have additional M-sites (M6–M9; e.g., other
studies[1,2,12]), to where cations can be distributed,
though only one of neighboring sites can commonly be
inhabited. The presence of vacancies and extra sites prob-
ably might explain the low totals too, even when per-
forming high quality EMP analysis not contaminated by
the host mineral matrix.
6.4 | Implications for mantle petrology
An exhausitive examination of CGM as inclusions in
mantle minerals or as discrete grains in mantle samples
is important from the genetic and petrological points of
view. The chemical composition of CGM interconnects to
P–T–X parameters during crystallization.[18,53,59] The
CGM are stable at P–T–fO2 mantle conditions,
[18,53,60]
and as it was shown experimentally, the larger-ion
varieties, mathiasite and lindsleyite, can be stable at
pressures and temperatures corresponding to the
diamond stability field.[18] The latter finds natural proofs
by occurrence of crichtonite and akin magnetoplumbite
group minerals included into diamond[61-64] testifying
their high P–T sustainability. Together with that, the
coexistence of CGM and minerals with oxidized and
reduced form of carbon, namely carbonates (magnesite)
and graphite, as inclusions in garnet,[22] may shed light
into the role of metasomatism in the deep carbon cycle.
The Mn- and REE-rich loveringite-like compounds have
been synthesized at 2–3 GPa and 1,000 C–1,300 C[53,60]
and are known to be stable under strongly reduced condi-
tions (logfO2 ranges from –15 to –18).
[53] With respect to
the redox regime of the mantle, it highlights an interest
to a transition metals valence state study applied to
natural CGM.
An examination of various inclusions in mantle min-
erals allows to access the mantle processes responsible
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for genesis and transformation of deep-seated rocks
(e.g., other studies[24,41,42,45,61,64]). Complex alkali- and
large ion lithophile element-bearing titanates of the
crichtonite group along with magnetoplumbite group
minerals (e.g., other studies[41,62,65]) are commonly
reported as metasomatic oxides from the subcontinental
mantle settings, both on- and off-cratonic. The members
of both groups are present in xenoliths and/or as
xenocrysts sampled by kimberlites, lamprophyres, and
alkali basalts.[16,34,37,64,66-71] Regarding the Siberian
craton, CGM are known as individual inclusions in
pyropic garnet xenocrysts from Yakutian kimberlites,
that is, Internatsionalnaya,[24,39,72] Zagadochnaya,[73]
Sytykanskaya,[74] as well as from ultramafic rocks of the
Chompolo and Tobuk-Khatystyr volcanic fields, Aldan
shield.[22,72,74] They are described in a series of oriented
needles within garnet grains of mantle xenoliths from
Udachnaya, Obnazhennaya, and Mir kimberlites.[40,45]
Enstatite-hosted CGM inclusions have been recently rec-
ognized in an orthopyroxenite from Udachnaya.[41,75]
The CGM-bearing samples from Siberia are known to
have been equilibrated at pressures of 2.5–4.2 GPa and
temperatures of 650 C–850  C.[22,24,39-41,73] Mantle CGM
are considered to be a valuable reservoir of a large
number of high field strength, large ion lithophile, and
REE with their abundance up to 100 chondritic
units.[10,16,26,76] This fact together with CGM stability
at high pressures and temperatures makes them
potentially important repository for rock-forming mantle
silicate-incompatible trace elements, together with
well-known metasomatic minerals—phlogopite, amphi-
bole, and carbonates—and, thus, provides clues to fluid
and magma generation at upper-mantle conditions and
metasomatism of the depleted lithospheric mantle.
7 | CONCLUSIONS
Micro-Raman spectroscopy may be used as a helpful tool
for the verification of the CGM analyzed with EMP and
SEM, especially when measuring small grains and inclu-
sions or fine mineral intergrowths.
1. The CGM can be easily identified by means of Raman
spectroscopy. Using thin slices of measured minerals
with translucent edges, lower laser beam power and
laser wavelength all assist in recording qualitative
spectra.
2. Crystal structure refinement applied to mantle lov-
eringite and its Sr-, Ba-, and Na-bearing analogues, as
well as to Cr-rich species, is highly required to deci-
pher the Raman spectra of these minerals.
3. The Raman spectra of CGM are perplexed by over-
lapping bands of different groups. However, the major
contributors (mostly TiO6 and to a lower extent CrO6,
MgO4, and FeO4 groups) become evident in distinct
bands. The strongest Raman bands located at
130, 300–310, 410–440, 710–720, and 810–820 cm−1
allow distinguishing CGM.
4. The major influence on the position of the Raman
bands is attributed to elements occupying M2–M5
positions (C and T). The impact of the M0 and M1
sites on the Raman bands is negligible, yet the influ-
ence of the elements occurring in these polyhedra is
predicted to be significant in the IR spectra. The OH−
group is anticipated to be active in infrared
absorption.
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